Problematic prescription opioid use is cited as a primary contributor to the current 'opioid epidemic' in the United States, which is characterized by recent rapid increases in individuals seeking treatment for opioid dependence and staggering rates of opioid overdose deaths. Individuals with chronic pain are commonly prescribed opioids to treat pain, and by this mere exposure are at increased risk for the development of problematic opioid use. However, the factors contributing to variation in risk across patients have only recently begun to be unraveled. In the present review, we describe the recent and expanding literature on interactions between pain and reward system function in an effort to inform our understanding of risk for problematic opioid use in chronic pain. To that end, we describe the limited experimental evidence regarding opioid abuse liability under conditions of pain, and offer suggestions for how to advance a research agenda that better informs clinicians about the factors contributing to opioid addiction risk in patients with chronic pain. We raise mechanistic hypotheses by highlighting the primary conclusions of several recent reviews on the neurobiology of pain and reward, with an emphasis on describing dopamine deficits in chronic pain, the role of the reward system in mediating the affective and motivational components of pain, and the role of opponent reward/anti-reward processes in the perpetuation of pain states and the development of problematic opioid use behaviors. Finally, we also argue that positive affect-which is directly regulated by the mesolimbic reward system-is a key pain inhibitory factor that, when deficient, may increase risk for problematic opioid use, and present a model that integrates the potential contributions of pain, reward system function, and positive affect to problematic opioid use risk.
The U.S. is presently grappling with a nationwide 'opioid epidemic' characterized by widespread problematic use of prescription opioids, defined as misuse, abuse, and/or addiction (O'Connor et al., 2013; Smith et al., 2013) . According to recent meta-analyses, approximately 25% of patients with chronic pain misuse prescription opioids (e.g., use of prescription opioids in a manner other than how they were prescribed), and 10% fulfill conventional criteria for addiction [e.g., the repeated, intentional use of an opioid for the purpose of altering mood or cognition, despite known harmful consequences; (Vowles et al., 2015) ], compared to just 0.2% of the general population (Degenhardt et al., 2014) . Although prescription opioids are generally effective for providing analgesia to acute pain, they lack efficacy for the treatment of chronic pain (Chou et al., 2015; Shaheed et al., 2016; Von Korff et al., 2008) . Nonetheless, sales of opioid analgesics increased approximately 400% between 1999 and 2010 in the U.S.· (Prevention, 2011) , with the majority of opioid prescriptions associated with long-term opioid therapy treatment plans (Von Korff et al., 2011) . Over this period, problematic opioid use substantially increased, leading to increased heroin initiation (Pollini et al., 2011) and a dramatically increased incidence of opioid overdose deaths (Bohnert et al., 2011) . Opioid-related overdose is currently the leading cause of accidental death in the United States (Rudd et al., 2016) . In reaction to the recent trends, federal agencies, such as the Centers for Disease Control (CDC), have recently produced guidelines intended to curb opioid prescribing practices in cases when there is no clear indication, an aspiration that would apply to most long-term chronic pain treatment plans. Physicians and other prescribers have little empirical guidance to inform such an adjustment in prescribing practice. Improved assessment of upstream factors predicting risk for problematic prescription opioid use would aid in that adjustment of clinical care standards.
Presently, we are underinformed about what contributes to problematic opioid use risk in chronic pain. Drug use history is a clear indicator of increased risk for prescription opioid addiction (Morasco et al., 2013) , but sensitivity estimates for the Screener and Opioid Assessment for Patients with Pain-Revised (SOAPP-R; CITE), a common prescription opioid risk screener for patients with chronic pain that measures affective styles, substance-related social function, and drug use behaviors, are modest, ranging from 0.49 to 0.77 (Chou et al., 2009 ). This suggests that there is substantial variation in opioid risk explained by within-person and between-person factors that have not yet been reliably delineated. Evidence from Koob and colleagues Le Moal, 1997, 2005; Koob and Volkow, 2010) suggest that opioid addiction is behaviorally driven by a disturbance of the affective system that promotes a compensatory impulsive drive to recover affective function through the consumption of opioids, which powerfully enhance hedonic tone and decrease negative affect. Those behavioral changes are mediated by neurocircuitry within the mesolimbic reward system, which includes dopaminergic and opioidergic projections connecting subcortical regions involved in hedonic valuation, including the ventral tegmental area and striatum, to cortical regions involved in decision making and motivated behavior, such as the prefrontal cortex and the anterior cingulate cortex (Fields, 2004; Koob and Volkow, 2010) . Importantly, these neural circuits are critically involved in the regulation of positive emotions, the appraisal of pain-related stimuli, and the experience of pain relief. The present review will consider whether and to what extent disruptions to these behavioral and neurobiological systems, which have been observed in patients with chronic pain, may increase risk for problematic opioid use.
To that end, we begin by describing the limited experimental evidence regarding the direct assessment of opioid abuse liability under conditions of pain, and offer suggestions for how to advance a research agenda that better informs clinicians about the factors contributing to opioid addiction risk in patients with chronic pain. Next, we present an overview of the recent and expanding literature on abnormalities within the mesolimbic reward system in chronic pain, which offer putative mechanisms to better understand risk for problematic opioid use in chronic pain. A comprehensive review of the literature on the neurobiological basis for the intersection of pain and reward is outside the scope of this article, and has been amply covered in several recent reviews (Becker et al., 2012; Borsook et al., 2016; Navratilova and Porreca, 2014; Navratilova et al., 2013; Porreca and Navratilova, 2017; Taylor et al., 2016) . Therefore, one goal of this article is to offer a highlevel summary of the primary conclusions and hypotheses generated from those more expansive review papers. Finally, we describe the evidence in support of the argument that positive affect-which is directly regulated by the mesolimbic reward system-is a key pain inhibitory factor for patients with chronic pain. This line of evidence will be presented to evaluate the overarching hypothesis that chronic pain may engender neurobiological changes that result in positive affective deficits which, in turn, may increase risk for problematic opioid use.
Opioid abuse liability in the context of pain
Opioid abuse liability under conditions of pain has been directly evaluated through human laboratory experiments using randomized, placebo-controlled designs to assess the subjective and physiological effects of opioids across a range of clinically-relevant doses. Abuse liability testing is a standardized method of empirically evaluating whether the subjective experience of a medication or drug suggests it may be abused (Comer et al., 2012) , and is commonly used to characterize new products or determine the relative risk of existing products. Though the abuse liability of various prescribed opioids has been thoroughly demonstrated, the majority of those studies were not conducted under conditions of pain (e.g., in clinical pain populations or with healthy subjects exposed to noxious stimuli). The broad conclusion from those studies is that opioids that have either partial or full μ-receptor agonist properties have a high potential for abuse .
Three studies have examined the abuse liability of opioids within chronic pain populations. One study reported incidence of medication abuse over 12 months in patients taking tramadol, hydrocodone, or NSAIDs (Adams et al., 2006) . Results revealed significantly greater proportion of patients abused a full μ-receptor agonist (hydrocodone, 4.9%), compared to a weaker opioid (tramadol; 2.7%) or non-opioid medications (NSAIDs; 2.5%). Another study compared patients' craving after exposure to opioids that differed principally in duration of action, and revealed that both short-acting and long-acting opioids produced similar abuse liability risk as compared to placebo (Wilsey et al., 2009 ). Finally, a small, within-subject study enrolled patients seeking treatment for pain and maintained them on a various doses of buprenorphine (2, 8, 16 mg) to examine the abuse liability of several concurrent doses of oxycodone (0, 10, 20, 40 , 60 mg/70 kg) (Jones et al., 2011) . The study reported that oxycodone dose-dependently increased withdrawal latencies from a painful cold water hand immersion task but did not reduce ratings of clinical pain. Interestingly, though self-report ratings of abuse liability increased dose-dependently, the amount of oxycodone that patients were willing to self-administer did not vary from placebo at any dose tested.
Additional studies have examined the abuse liability of opioids in healthy individuals using laboratory-evoked pain designs. One withinsubject study compared the abuse liability of oxycodone (15, 30 mg/ 70 kg) versus placebo administered during painful cold water immersion in pain-free healthy volunteers and individuals meeting criteria for prescription opioid abuse (Comer et al., 2010) . Results showed that the controls dose dependently self-administered opioids under cold water conditions only, whereas the prescription opioid users, who reported greater liking of the drug, self-administered oxycodone to a similar level in the context of either painful or non-painful water immersion. A second study examined the abuse liability of snorted oxycodone (15, 30 mg/70 kg) under conditions of pain among prescription opioid users, and found that abuse liability ratings did not differ between cold and warm water immersion (Lofwall et al., 2012) . A third study compared the relative abuse liability of oxycodone and oxymorphone during cold water immersion and pressure pain, and reported greater abuse liability for oxycodone in the context of both experimental pain stimuli . A final within-subject study found that varying the schedule of dosing of oxycodone enhanced the positive drug effects and analgesic benefits, whereas repeated dosing in a consistent schedule diminished the positive drug effects without altering the analgesic profile (Cooper et al., 2012) .
Though it was originally assumed that persons with no history of substance use were unlikely to develop problematic opioid use following opioid narcotic treatment (Porter and Jick, 1980) , there is growing empirical evidence that μ-opioid receptor agonists can still produce measureable levels of abuse liability in the context of both clinical and laboratory-induced pain. The level of abuse liability appears to be specific to the dose administered and the potency of the opioid, though the degree to which the absence of pain increases opioid abuse liability has not been well-articulated. While evidence from some of the reviewed studies suggests that measures of analgesia and abuse liability operate independently, no studies have specifically evaluated the relative contributions that positive subjective effects and analgesia make to abuse liability ratings of "opioid liking". It will also be important to characterize the extent to which variation in opioid analgesic efficacy is predictive of actual opioid misuse behavior. It may be expected that patients who fail to experience analgesia at prescribed opioid doses would be more likely to consume more opioids than originally prescribed in order to achieve adequate analgesia. Whether such behavior is associated with opioid abuse liability, as measured in controlled laboratory studies, is an open question that should be taken up in future investigations.
Finally, additional studies are needed to evaluate the potential importance of the chronic pain disease state, its duration, and its effect on putative neurobiological mechanisms, such as reward system function, on opioid abuse liability. It may be hypothesized that patients with a longer history of chronic pain will demonstrate greater opioid abuse liability than those with recent diagnoses due to neuroplastic changes in reward system function that may develop over time. Such mechanistic hypotheses may be enhanced or better targeted by drawing upon the basic science on the interaction between pain and reward processing within areas of the brain responsible for regulating opioid use behavior.
Evidence for reward circuitry involvement in pain appraisal and relief
In recent years, we have seen a sharp rise in the number of preclinical and human investigations into the interactions of pain and reward. Several review papers have described this literature in a level of detail that is beyond the scope of the present article. Here we attempt to summarize the basis for three broad conclusions that have been reached in those reviews, and that bear relevance to our understanding of the development of risk for problematic opioid use in patients with chronic pain. First, we discuss evidence summarized by Becker et al. (2012) and Taylor et al. (2016) suggesting that chronic pain is a hypodopaminergic state. Second, we discuss evidence summarized by Porreca, Navratilova and colleagues (Navratilova and Porreca, 2014; Porreca and Navratilova, 2017) , suggesting that the mesolimbic reward system is integral to the affective and motivational aspects of pain and pain relief. Finally, we discuss evidence summarized by Borsook and colleagues suggesting that chronic pain is associated with a neurobiological dysfunction in the opponent processes of reward and 'anti-reward', an aversive behavioral state with properties similar to opioid withdrawal (Borsook et al., 2016) .
Chronic pain as a hypodopaminergic state
Dopamine is a key monoaminergic neurotransmitter in the mesolimbic reward system, classically implicated in the mediation of reward-associated behaviors. Dopamine's role in reward processing is complex, but there is consensus that critical functions are to motivate behavior to seek rewards and to reinforce learned reward associations. It is also indirectly involved-via interactions with opioid and endocannabinoid neurocircuitry-with the hedonic experience of reward (i.e., liking) (Berridge and Kringelbach, 2015) . In addition to its roles in reward processing, the dopaminergic system comprises a heterogeneous population of neurons that respond to aversive stimuli, diversifying its function with respect to motivated behavior (Brischoux et al., 2009; Cohen et al., 2012; Lammel et al., 2011; Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz, 1996) . Neuronal subpopulations activated by reward but inhibited by punishment are thought to encode motivational valence, typically associated with reward seeking, valuation, and reinforcement of behavior (Berridge et al., 2009; Schultz, 2007b) , whereas dopaminergic neurons activated by both rewarding and aversive stimuli are more likely to encode motivational salience, and are responsible for stimulus detection and prediction of behavioral response to both rewarding and punishing stimuli (Redgrave and Gurney, 2006) . In addition to serving distinct functional roles, these dopaminergic subpopulations may also be separated based upon their neuroanatomical projections to the nucleus accumbens (NAc). Dopaminergic neurons originating from the lateral ventral tegmental area and ventromedial substantia nigra project to the NAc shell and encode valence discrimination, while dopaminergic neurons originating in the dorsolateral substantia nigra project to the NAc core and encode salience detection (Brooks and Berns, 2013; Matsumoto and Hikosaka, 2009; Mirenowicz and Schultz, 1996; Nomoto et al., 2010) .
The role of the mesolimbic reward system in pain is, in part, dictated by variation in dopamine signaling associated with antinociception versus motivational valence/salience. Manipulation of dopamine and dopamine 2 (D2) receptor availability modulates the affective component of pain and motivated behavioral responses to pain relief (Navratilova et al., 2012a; Scott et al., 2006; Tiemann et al., 2014; Treister et al., 2013a; Wood et al., 2007) , while little to no change in the somatosensory processing of pain is observed by altering D2 availability (Becker et al., 2013 , Tiemann et al., 2014 , Treister et al., 2013a . Becker et al. found that modulation of synaptic dopamine altered endogenous pain inhibition induced by reward, and conversely enhanced pain facilitation by punishment (Becker et al., 2013) . Taken together, they postulated that dopamine is context-dependent and is important in modulating the salience of pain stimuli and mediating the motivation to avoid or endure pain.
Human neuroimaging studies in chronic pain patients have demonstrated a reduced presence of dopamine and D2 receptor availability (Hagelberg et al., 2003a,b; Martikainen et al., 2015; Wood et al., 2007) . Additionally, the potential involvement of dopamine abnormalities in fibromyalgia and chronic low back pain patients may be indirectly inferred from functional magnetic resonance imaging studies showing alterations in blood oxygen level-dependent response of the mesolimbic reward valuation circuitry to salient stimuli (Loggia et al., 2014; Martikainen et al., 2015) . Similar results have been shown in animal models of chronic pain as well (Chang et al., 2014; Narita et al., 2003; Ren et al., 2016; Taylor et al., 2014; Wu et al., 2014) . Thus, Taylor et al. suggest that chronic pain promotes a "hypodopaminergic" tone that can impair motivated behavior (Taylor et al., 2016) . While this hypothesis is intriguing, it requires further testing and clarification, as different subtypes of dopaminergic neurons have been shown to phasically respond to either reward or punishment, or both (Cohen et al., 2012; Matsumoto and Hikosaka, 2009) , suggesting that there is heterogeneity among dopaminergic neurons and some subtypes of dopamine neurons may be downregulated in chronic pain while others may be upregulated (Sagheddu et al., 2015; Zhang et al., 2017a) .
Mesolimbic reward system mediates the affective component of pain and pain relief
Pain is composed of sensory-discriminative, affective, and cognitive components, and is dependent upon environmental context (Melzack, 1968) . Although the somatosensory component of pain is commonly associated with aversive behavioral responses (Fields, 1999; Gold and Gebhart, 2010) , the affective component of pain is the primary driver of the behavioral responses to withdraw from harm or the threat of harm in an effort to seek pain relief (Navratilova and Porreca, 2014; Navratilova et al., 2013; Porreca and Navratilova, 2017) . Affectivemotivational states associated with pain elicit behavioral responses that promote both avoidance (i.e., escape from pain), and approach (i.e., seeking pain relief) behaviors. Pain relief, then, can be conceptualized as rewarding in that it engenders motivated 'seeking' behavior through reinforcement learning (Navratilova and Porreca, 2014; Porreca and Navratilova, 2017) . Conserved neural circuitry including the thalamus, somatosensory cortices, insula, and anterior cingulate cortex (ACC) are critically involved in coding the affective aspects of pain (Apkarian et al., 2005) .
The ACC, in particular, is commonly associated with the descending, affective modulation of pain (Fields, 2004; Porreca et al., 2002; Rainville et al., 1997; Vogt, 2005) . But it also performs a key role in both reward and aversion learning, and neuroimaging studies have shown that opioid receptors densely populate the ACC of both humans and rats (Vogt et al., 2001 ). Indeed, increases in pain, reductions in pain unpleasantness, and placebo analgesia all result in endogenous opioid release in the ACC (Scott et al., 2008; Wager et al., 2007) . Loss of ACC function in the context of chronic pain inhibits the drive to seek pain relief without altering reflexive withdrawal responses to evoked painful stimuli (Johansen and Fields, 2004; Johansen et al., 2001; Qu et al., 2011) , suggesting its function with respect to pain is predominantly motivational.
Interestingly, the ACC is functionally connected to the mesolimbic reward circuitry, subserving its role in reward valuation and decisionmaking (Apkarian et al., 2011; Navratilova et al., 2015) . Administration of morphine into the ACC of rats not only produces conditioned place preference (CPP) in injured animals, but also elicits dopamine release in the NAc shell in response to relief of ongoing pain . Inhibition of dopaminergic signaling from the ventral tegmental area (VTA) to the NAc, or direct blockade of dopamine release in the NAc, blocks pain-relief induced CPP, providing evidence of a direct link between pain-motivated behaviors and the mesolimbic reward valuation system (Navratilova et al., 2012b) . Thus, pain relief appears to be less rewarding when dopamine levels are attenuated.
There is limited evidence to suggest that chronic pain alters the function of the reward system in the context of pain-related motivated behavior. Baliki et al. observed NAc deactivation when a noxious thermal stimulus was removed from the back of patients with chronic low back pain. In contrast, healthy subjects evidenced an increased NAc activation pattern during the same 'pain offset' period. The authors attributed these findings to the competition between experimental and clinical pain for patients' attention, suggesting that the acute painful stimuli were able to provide temporary relief of the ongoing pain and represented in NAc deactivation, which was physically restored when the exogenous stimulus was removed (Baliki et al., 2010) . This interpretation is advocated by Porreca and colleagues, who have found greater phasic dopamine response to peripheral analgesics (e.g., lidocaine) in rats with, versus without, chronic pain (Navratilova et al., 2012a (Navratilova et al., , 2013 Remeniuk et al., 2015) , and argue that chronic pain is associated with a shift in motivational behavior toward pain relief via alterations in molecular (dopamine and opioid neurotransmission), structural (gray matter volume, white matter connectivity), and functional (BOLD activation) brain changes (Apkarian et al., 2009; Geha et al., 2008; May, 2008; Tracey and Bushnell, 2009 ).
An alternative possibility, though, is that patients' ability to extract reward from pain relief may be impaired in patients with chronic pain, and represented in reduced NAc activity in the context of pain relief, as was observed in the Baliki et al. study (Baliki et al., 2010) . This alternative interpretation would follow from the hypothesis from Taylor, Becker, and colleagues that chronic pain is a hypodopaminergic state, and the findings from Navratilova and Porreca's group (Navratilova et al., 2012b) showing that disrupted dopamine neurotransmission prevented CPP to pain relief. This interpretation is also supported by a recent finding that deficits in behavioral reward processing and striatal function during a reward task in early adolescence predict future development of chronic pain in late adolescence, partly as a function of polymorphisms in the μ-opioid receptor gene (Nees et al., 2017) .
Taken together, the data as reviewed by Porreca, Navratilova and colleagues indicate that pain and reward share overlapping neurocircuitry between the ACC and NAc that under normal conditions help to drive pain relief and its associated behavior. However, chronic pain may produce maladaptive alterations, increasing attention to pain and creating deficits in motivational salience and decision-making.
Opponent processes of reward and anti-reward in chronic pain
Borsook and colleagues approach the pain/reward interaction from the standpoint of opponent process theory Corbit, 1973, 1974) , which argues that reward is homeostatically balanced against an opposing process termed 'anti-reward' that may be experienced as stress, negative affect, pain, or a combination of those aversive states (Borsook et al., 2016) . Koob et al. hypothesize that repeated opioid use shifts the reward/anti-reward balance, whereby the ability to experience positive emotions from natural rewards (i.e., non-drug rewards) degrades over time, and is accompanied by an increase in anti-reward state, which fuels further opioid use to compensate for the reward deficit (Koob et al., 2014; Koob and Le Moal, 2005) . Borsook argues that chronic pain may also upset the reward/anti-reward balance through repeated sensitization of nociceptive circuits within the mesolimbic reward system (primarily the NAc), along with accompanying inhibitory signaling from the habenula, which is activated by aversive stimuli and negative reward prediction errors (Matsumoto, 2009; Matsumoto and Hikosaka, 2009 ).
The NAc and lateral habenula (LHb) have distinct dopaminergic neural circuitry, in which projections from the VTA to the NAc promote reward signaling, and projections from the LHb inhibit dopaminergic signaling in the VTA via GABAergic neurons, known as the aversion circuit (Balcita-Pedicino et al., 2011; Barrot et al., 2012; Lammel et al., 2012; Omelchenko et al., 2009 ). Borsook et al. argue that a reward deficit state can be promoted either by chronic pain or repeated opioid use, resulting in a blunted positive affective system, which may result in the clinical condition of anhedonia (Borsook et al., 2016) . Anti-reward, in contrast, is characterized by increases in sensitivity of the aversion system, which responds to stress by releasing the hormones corticotropin-releasing factor, norepinephrine, glutamate and dynorphin (Nestler and Carlezon, 2006) . These factors contribute to the perception of stress and negative affective states and may alter phasic dopaminergic burst firing to become temporarily more responsive to opioids, ultimately contributing to the reward deficit.
Synergy in the pain/reward literature and relevance to opioid addiction risk
Pain is a complex sensory, emotional, and cognitive experience. The affective and sensory components of pain are modulated by both the opioidergic and dopaminergic systems in the NAc and ACC which promote motivated behavior to seek pain relief and restore the relative balance of reward and anti-reward processes. However, chronic pain and repeated opioid use both may promote a hypodopaminergic state, or a reward deficit, which alters dopamine signaling and can increase the sensitivity of aversion circuitry (anti-reward), leading to elevations in stress and negative affect, which is a primary risk factor for problematic opioid use, and would be expected to further facilitate increased pain sensitivity (Borsook et al., 2016) . Interestingly, stimulation of the habenula under conditions of acute pain can produce analgesia (Shelton et al., 2012) , but this region becomes tonically activated in chronic pain patients, leading to chronically aversive states, including further pain chronification (Erpelding et al., 2014) . In the addiction literature, cross sensitization refers to conditions in which exposure to a stimulus increases future responses to it. This may also hold true in chronic pain, in which hypersensitivity of the anti-reward system creates greater awareness of pain-associated cues (Zhang et al., 2017b) , and increased compensatory opioid use which, over time, may give way to problematic prescription opioid use in patients maintained on long-term opioid therapy.
Positive affect deficits in chronic pain
In patients with chronic pain, problematic opioid use risk increases in the context of maladaptive cognitive and emotional coping processes. Much of the research attention in this domain has been focused on the correlation of negative patterns of thought and emotion with indices of opioid misuse. For example, patients with chronic pain and a history of substance use disorder are at greater risk for prescription opioid misuse (based on self-report) if they believe their opioid medications are unlikely to have an analgesic benefit (Schieffer et al., 2005) . Similarly, pain catastrophizing, a negative cognitive style associated with helplessness, rumination, and magnification of pain's potential for harm, is correlated with risk for opioid misuse in patients with comorbid chronic pain and substance use disorder (Morasco et al., 2013) and non-substance abusing patients with chronic pain (Jamison et al., 2009; Martel et al., 2013) . Numerous studies have also shown that high levels of negative affect are associated with increased risk for opioid misuse in patients with chronic pain (Martel et al., 2013 (Martel et al., , 2014 Wasan et al., 2007) .
Relatively less attention has focused on the potential role of positive affect as a mechanism of problematic opioid use risk. Positive affect is a pleasant feeling state that is characterized by either a high (e.g., jubilation) or low (e.g., serenity) level of physiological activation. Positive affect may occur in the context of anticipation of an impending reward or in the course of reward consumption (Gard et al., 2006) . Both anticipatory and consummatory positive affect drive behavior to approach future potential rewards. Decades of preclinical research demonstrates that anticipatory positive affect is associated with phasic dopamine signals that burst fire in response to a positive reward prediction error (i.e., receiving a reward of greater value than expected) and promote learning that rapidly alters behavior (Ashby and Isen, 1999; Schultz, 2007a Schultz, , 2013 . Disruptions to dopaminergic neurotransmission inhibit the experience of positive emotions, such as excitement or eagerness, thereby attenuating reward learning and diminishing motivated behavior to approach future rewards.
Positive affect has been identified as a critical "resilience resource" for individuals exposed to a range of physiological and psychological insults, including pain (Ong et al., 2010; Sturgeon and Zautra, 2010; Zautra et al., 2005c) and stress (Ong et al., 2006; Tugade and Fredrickson, 2004) . Numerous human laboratory studies have shown that evoked positive affect, relative to evoked neutral and negative affects, inhibits pain [for a review see: Finan and Garland (2015b) ]. The mechanisms by which positive affect confers benefits to patients with chronic pain, however, are multifactorial. Frederickson and colleagues (Fredrickson, 1998; Fredrickson and Branigan, 2005; Fredrickson et al., 2008; Fredrickson and Joiner, 2002) have demonstrated that positive affect broadens thought-action repertoires, increases openness to experience, and fosters creativity. These cognitive skills enable individuals to engage social supports, develop meaningful interpersonal relationships, and adapt to stressful environmental demands (Kok et al., 2013; Kok and Fredrickson, 2010) . People with chronic pain face substantial challenges to their ability to regulate affect, engage in valued activities, and maintain social connections. Such difficulties are at least partly, if not largely, owing to the fact that pain is both a physiological and psychological stressor that promotes a narrow cognitive orientation toward the perception of negative affective states (Davis et al., 2004) . For example, women with rheumatoid arthritis report substantially higher negative affect and lower positive affect on days characterized by high levels of stress (Zautra et al., 2005a) . However, when positive affect is maintained through elevations of stress and/or pain, it buffers the negative health consequences of negative affect, and serves to decouple the push-pull association of pain and negative affect (Finan and Garland, 2015a) . In support of this notion, daily diary studies have shown that patients with chronic pain experience less negative affective reactivity to spikes in pain on days when positive affect is elevated (Zautra et al., 2005b,c) .
Deficits in positive affect and positive affect regulation have been observed in several chronic pain patient populations, including fibromyalgia (Zautra et al., 2005b) , comorbid osteoarthritis and fibromyalgia (Finan et al., 2009) , rheumatoid arthritis (Connelly et al., 2007) , temporomandibular joint disorder (Marbach and Lund, 1981) , and sickle cell disease (Gil et al., 2004) . Epidemiological studies reveal that chronic pain and major depressive disorder are highly comorbid (Bair et al., 2003; Ohayon and Schatzberg, 2003) . Although the association between chronic pain and depression is bidirectional, longitudinal studies suggest that chronic pain more commonly precedes depression than vice versa (Fishbain et al., 1997) , suggesting that painrelated processes stably degrade affective function in a substantial subset of patients. To the extent that chronic pain precipitates alterations to the brain reward system, it follows that such neuroplastic changes may drive the positive affective deficits commonly observed in patients with chronic pain. This problem may be compounded by long-term opioid exposure, as positive affective deficits at baseline could theoretically expedite the rate of development of problematic opioid use following initial exposure. Stable positive affective deficits may develop in opioid-treated chronic pain patients as a result both of interactions between nociceptive signaling and reward system function, and prolonged exposure to opioids. Such effects would likely depend on multiple interacting neurotransmitter circuits. For example, microinjection of morphine into the ventral tegmental of rats with chronic pain failed to produce conditioned place preference, but pretreatment with the microglia inhibitor minocycline recovered this effect (Taylor et al., 2015) , suggesting that the effect of opioid exposure influences the degree of interaction of pain and reward through dopamine, opioid, and glial circuits.
Chronically deficient positive affect may drive problematic opioid use as patients seek to recover both the hedonic experience of pleasure and the analgesic benefit it confers. Over time, these recursive interactions between pain, opioid use, and positive affect would be expected to increase patients' risk for the development of opioid addiction. Indeed, a recent clinical trial of a mindfulness-based intervention in patients with chronic pain and current opioid misuse [MindfulnessOriented Recovery Enhancement; (Garland et al., 2014b) ] revealed that reductions in opioid misuse over the course of treatment were mediated by improvements in daily positive affect regulation (Garland et al., 2017) . Interestingly, this hybrid mindfulness intervention, which emphasizes cognitive techniques such as savoring pleasant experiences and positively reappraising negative thoughts, has previously been shown to reduce pain severity, enhance both physiological and psychological aspects of natural reward responsiveness in laboratory tasks (Garland et al., 2014a (Garland et al., , 2015 , and increase ventral striatal responses to natural rewards in smokers without pain (Froeliger et al., 2017) . These findings suggest that mindfulness meditation may modulate of the reward system independent of pain relief in a manner that drives upward shifts in natural hedonic tone that could translate into both improved pain and opioid use outcomes.
Summary and conclusions
Although patients with chronic pain are at elevated risk to develop problematic opioid use, the mechanisms and processes contributing to that risk profile have not been elucidated. We offer a putative model for problematic opioid use risk that integrates the contributions of neurobiological changes within the mesolimbic reward system, as well as accompanying, and possibly related, changes in positive affective functioning (see Fig. 1 ). The animal and human literature on the interaction of pain and reward offers several putative mechanistic pathways of vulnerability to problematic opioid use for patients in pain, including: 1) alterations in dopamine function, leading to a hypodopaminergic state and reward processing deficits; 2) neuroplastic changes influencing the affective and motivational components of pain, leading to impaired neural and behavioral function in the context of pain relief; and 3) dysregulation of the opponent processes of reward (NAc function) and anti-reward (lHb function), leading to increased pain sensitivity, and an affective imbalance favoring aversive to pleasurable states. Together, this group of neurobiological mechanisms likely contributes to the experience and regulation of positive affect, which has been found to be deficient in subsets of patients with chronic Fig. 1 . Putative pathways from chronic pain to problematic opioid use risk. Chronic pain may engender (and be perpetuated by) changes within the mesolimbic dopaminergic reward system, which overtime may alter the perception of pain and its relief. These neurobiological alterations may increase opioid abuse liability either directly or indirectly via changes in positive affective system functioning. Together, these biological mechanisms and behavioral processes may influence the likelihood to misuse, abuse, and or develop addiction to prescription opioids.
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Progress in Neuropsychopharmacology & Biological Psychiatry 87 (2018) 255-262 pain. The absence of positive affect challenges patients' endogenous pain inhibitory system and could increase opioid seeking to both achieve analgesia in the context of a heightened analgesic threshold and recover a diminished capacity to feel pleasure. While opioid abuse liability is observed in chronic pain patients, pain (either clinical or experimentally-induced) does not appear to increase the likelihood of self-administration of prescription opioids in controlled experimental designs. However, the human experimental literature base is limited, and future studies will need to test the possibility that impairments in reward processing and positive affect regulation influence the extent to which individuals are liable to misuse and abuse opioids.
